Purpose of Review In this article, we review the current options for microinvasive glaucoma surgery (MIGS) combined with cataract extraction in the USA and the efficacy of the various approaches. Recent Findings MIGS is a rapidly growing area of research and clinical interest. Available surgeries aim to reduce intraocular pressure by improving aqueous outflow through the trabecular or subconjunctival pathways or by reducing aqueous production. Summary Multiple approaches to MIGS are utilized in clinical practice. On average, these surgeries are safe and modestly effective in reducing intraocular pressure. Future research will demonstrate which surgical approaches are most efficacious, whether and how to combine MIGS, and the role of MIGS in improving patient quality of life.
Introduction
Glaucoma is a progressive polyfactorial optic neuropathy that causes ganglion cell apoptosis and visual field loss. Glaucoma affects more than 70 million people worldwide [1, 2] and can progress to blindness.
Reduction of intraocular pressure (IOP) has been shown to slow glaucomatous progression, and IOP is the primary treatment target [3] . Both glaucoma and its treatment can significantly effect quality of life, even in early glaucoma. [4] [5] [6] [7] This has necessitated the search for IOP lowering interventions that are effective, low risk, and can be employed in early disease.
Microinvasive Glaucoma Surgery
The historical mainstays of glaucoma treatment are topical or oral IOP lowering therapy, laser trabeculoplasty, and incisional glaucoma surgery (trabeculectomy and glaucoma drainage device implantation). Over the last 15 years, microinvasive glaucoma surgery (MIGS) has emerged as a new family of glaucoma treatment options (Table 1) . Five key features define MIGS: (1) ab interno approach; (2) minimal trauma to the target tissue; (3) modest efficacy; (4) excellent safety; and (5) rapid recovery with minimal impact on quality of life [8••] .
The importance and promise of MIGS is perhaps best demonstrated by the preferences of glaucoma surgeons themselves. An anonymous survey was distributed to members of the American Glaucoma Society (AGS), and participants were asked to adopt the role of a patient with primary open angle glaucoma (POAG) and progressive visual field loss in need of glaucoma surgery [9•] . Overall, ab interno trabeculotomy (gonioscopy-assisted transluminal trabeculotomy [GATT] or Trab360 [Sight Sciences, Menlo Park, CA]) was the most frequently chosen procedure (20.3%). MIGS in aggregate was selected in over half of responses (53.2%) [9• ]. Most interestingly, only 17.6% and 6.9% of respondents preferred to have a trabeculectomy or glaucoma drainage implant, respectively, as a primary procedure despite the 2016 AGS member survey of surgical practice preferences demonstrating that approximately 59% and 23% of AGS members chose to offer a trabeculectomy or glaucoma drainage implant, respectively, to a hypothetical patient with POAG and no prior surgery [9• ]. This article is part of the Topical Collection on Cataract MIGS is one of the fastest evolving topics in all of ophthalmology. Herein, we wish to highlight some of the newest additions to the peer-reviewed literature published in 2018-2019 that contributed to the field and to our care of patients; we also include our opinions about best practices. We will emphasize papers examining MIGS together with cataract extraction. systematic reviews of the MIGS landscape have been published elsewhere [10•].
Current Options iStent and iStent Inject
The iStent (Glaukos Corporation, San Clemente, CA) was approved by the FDA in 2012 and was the first ab interno glaucoma implant to be approved in the USA. The iStent inject (Glaukos Corporation) second generation device was approved by the FDA in June 2018 [11] . Both devices are approved for use in patients with mild to moderate POAG and visually significant cataract and have good safety profiles.
Wang et al. investigated whether implantation of the iStent concurrent with cataract surgery was associated with a reduction in the use of ocular antihypertensive medications in a US health care claims database [12] . Patients undergoing bilateral iStent and cataract extraction had a greater mean reduction in drops used (0.99 vs. 0.49; postoperative month 20-24; P < 0.001) and a higher proportion receiving no drops postoperatively (73.5% vs. 55.3%, postoperative month 20-24; P < 0.001) compared to matched controls undergoing cataract extraction alone [12] , providing real-world evidence that iStent placement concurrent with cataract extraction moderately reduces prescriptions of glaucoma medication.
The two year results of the pivotal iStent inject trial were released this year, demonstrating that 75.8% of iStent inject with cataract extraction eyes vs. 61.9% of cataract surgery alone eyes experienced ≥ 20% reduction from baseline in unmedicated diurnal IOP (P = 0.005) [13] . The mean reduction in washout diurnal IOP was greater in iStent inject eyes (7.0 ± 4.0 mmHg) than in control eyes (5.4 ± 3.7 mmHg; P < 0.001). Finally, more iStent inject eyes achieved an unmedicated diurnal IOP ≤ 18 mmHg (63.2% vs. 50.0% of control eyes) [13] .
In a novel line of inquiry, Gillmann and colleagues performed anterior segment optical coherence tomography (AS-OCT) on 25 eyes of 19 subjects following implantation of 2 iStent inject devices combined with cataract surgery to assess device position [14] . Ninety-two percent of devices were visible on AS-OCT compared with 88% of devices visible by gonioscopy. Among gonioscopically visualized devices, AS-OCT showed that 54.3% had a protruding portion into the anterior chamber; the openings of the remaining devices were positioned under the trabecular surface despite being visible by gonioscopy. Not surprisingly, burying of the iStent inject device was associated with higher postoperative IOP [14] .
A recent Cochrane Review investigated whether implantation of one or more iStent or iStent inject devices ("iStents") reduced IOP or eye drop burden or changed patient quality of life compared with conventional medical, laser, or surgical treatments [15] . The Glaukos Corporation provided funding and sponsorship for all the randomized controlled trials that met criteria for inclusion in their review [15] . The authors concluded that there is low-quality evidence that iStent implantation may result in higher proportions of participants who are drop-free or achieve lower IOP [15] . None of the reviewed studies provided information on patient quality of life. The lack of high-quality evidence led authors to conclude that clinical decisions about iStent use should be based on surgeon judgment and patient preference [15] .
Finally, Huang and colleague demonstrated that placement of iStent injects in regions of high or low aqueous humor outflow resulted in different patterns of angiographic aqueous humor outflow [16] . An improved understanding of how to recruit low outflow regions or enhance high outflow regions may allow surgeons to improve the success of MIGS surgery in the future.
Hydrus Microstent
The Hydrus microstent (Ivantis, Inc., Irvine, CA) facilitates aqueous outflow through the conventional pathway. The nitinol stent is threaded into and dilates about 90 degrees of Schlemm canal and includes a lumen for trabecular meshwork bypass. FDA approval in 2018 was based on 24 month results of the prospective, multicenter, randomized controlled Consistent with results of the pivotal trial, a recent review examining complications in MIGS revealed that complications with Hydrus microstent implant are infrequent and include peripheral anterior synechiae formation, hyphema, and elevated IOP [18] . Rare stent malpositioning was also reported [18] .
In a small pilot study in which IOP was monitored using a contact lens sensor in patients with open angle glaucoma, Hydrus implantation was associated with smaller signal fluctuations compared with medical treatment [19] , a potentially promising observation given the available evidence suggesting that larger diurnal IOP fluctuations may be a risk factor for glaucoma progression [20] . Cataract surgery was not concurrent with Hydrus implantation in this study [19] .
Kahook Dual Blade
The Kahook Dual Blade (KDB, New World Medical Inc., Rancho Cucamonga, CA) is a disposable goniotomy device designed to excise trabecular meshwork. The sharp, tapered tip allows the blade to enter through the trabecular meshwork into Schlemm canal. The ramp then elevates the trabecular tissue, and the dual blades make parallel incisions thereby removing a section of trabecular meshwork and exposing the associated collector channels [21] .
There is a growing body of evidence demonstrating the efficacy of goniotomy with the KDB and highlighting its potential role in treating eyes with severe glaucoma and angle closure glaucoma; such eyes are generally excluded from the above-mentioned trabecular device trials. In a retrospective series of combined phacoemulsification and KDB in 42 eyes from 36 patients with severe-stage glaucoma, 64.3% of eyes had achieved IOP ≤ 15 mmHg without additional glaucoma procedures [22] . The mean IOP reduction was 2.1 ± 4.67 mmHg (P = 0.022), and mean medication reduction was 1.2 ± 1.4 (P ≤ 0.001) [22] .
In a study of 42 eyes of 24 subjects with angle closure glaucoma undergoing phacoemulsification and KDBassisted goniosynechialysis and excisional goniotomy, 6 months of follow-up demonstrated mean IOP reductions of 10.1-12.8 mmHg (38.4-49.5%; P < 0.0001) [23] . At 6 months, 92.9% of eyes achieved IOP ≤ 18 mmHg, all eyes achieved IOP reduction of ≥ 20%, and 85.7% were medication-free [24] . Although there was no comparison to cataract surgery alone, their findings suggest that goniosynechialysis and excisional goniotomy with the KDB together with cataract extraction may play a helpful role in optimizing outflow and IOP reduction in angle closure glaucoma eyes.
Trabectome
Trabectome (NeoMedix Corporation, Tustin, CA) was introduced in 2004 as the first MIGS device. The Trabectome handpiece needle tip pierces the trabecular meshwork and then circumferentially ablates the trabecular meshwork for 3 to 6 clock hours. It is approved in the USA for use with and without concurrent cataract surgery and across the spectrum of disease severity and subtypes [25] .
Using success criteria of IOP ≤ 21 mmHg, > 20% reduction from preoperative IOP, and no need for further glaucoma surgery, a 5 year study of combined phacoemulsification and Trabectome surgery demonstrated success of 67.5% [26] . Risk factors for failure were lower baseline IOP, younger age, and higher central corneal thickness. Exfoliative glaucoma was associated with a higher success rate [26] . In a series of eyes undergoing Trabectome with or without cataract extraction, IOP lowering was similar in eyes with mild compared to moderate to severe glaucoma [25] .
There is growing interest in whether race/ethnicity alters MIGS efficacy. In a study comparing the IOP lowering effect of Trabectome with or without cataract extraction in 82 African American and 82 Caucasian eyes, there was a significant reduction in IOP in both groups and no difference between the 2 groups in IOP, number of medications, and complications [27] .
Gonioscopy-Assisted Transluminal Trabeculotomy
Gonioscopy-assisted transluminal trabeculotomy (GATT) was first described in 2014 [28] and is most commonly performed using a 5-0 prolene suture (Ethicon, Inc., Somerville, NJ) or illuminated microcatheter (Ellex, Adelaide, Australia) to cannulate Schlemm canal. Once the distal tip of the suture or catheter has traversed the entire circumference of the canal, it is externalized, creating a 360 degree trabeculotomy.
Grover et al. reported the 2 year results of 198 patients with various open angle glaucoma subtypes who underwent GATT with and without cataract extraction [29] . Eyes with secondary open angle glaucoma had a greater mean percentage of IOP decrease (49.8%) than eyes with POAG (37.3%). Additionally, eyes with POAG that were already pseudophakic at the time of GATT tended to have a higher cumulative proportion of failure and a higher cumulative proportion for reoperation after the 2 year time point [29] .
The extent of the episcleral venous fluid wave observed at the completion of GATT surgery may be a prognostic indicator of surgical success [30] , emphasizing the importance of the distal outflow system in MIGS.
Ab Interno Canaloplasty and Viscodilation
Canaloplasty with a tensioning suture and dilation of Schlemm canal with viscoelastic devices were both pioneered as ab externo approaches and remain in use [31] . Ab interno approaches to these technique are a growing area of interest, and ab interno canaloplasty (ABiC) using the iTrack microcatheter was demonstrated in a series of 75 eyes to significantly reduce both intraocular pressure (20.4 ± 4.7 mmHg to 13.3 ± 1.9 mmHg) and ocular antihypertensive medication use (2.8 ± 0.9 medications to 1.1 ± 1.1 medications, both P < 0.0001) as a standalone and in combination with cataract extraction [32] . In contrast to GATT, in which the iTrack is externalized to create a trabeculotomy, ABiC involves circumferential intubation of Schlemm canal and then subsequent slow withdrawal of the catheter while steadily injecting viscoelastic device through the catheter for dilation of the Schlemm canal and the distal outflow pathways.
The OMNI Glaucoma Treatment System (Sight Sciences, Menlo Park, CA) entered the market in 2018 as a combination of the company's previous Trab360 and Visco360 devices, and a prospective trial in combination with cataract extraction is currently underway [33] . Similar to ABiC, the OMNI can be used to viscodilate Schlemm canal; it can also unroof the trabecular meshwork.
XEN Gel Stent
The XEN gel stent (Allergan plc, Dublin, Ireland) is an ab interno gelatin stent with a 45 μm lumen that is implanted into the subconjunctival space to bypass the trabecular outflow pathway and connect aqueous with a subconjunctival filter. It is the only currently available subconjunctival MIGS device and is indicated in primary open angle glaucoma and pseudoexfoliative or pigmentary glaucoma with open angles. Multiple approaches to antimetabolite use with the XEN gel stent have been described [34] , as have multiple techniques for implantation, including off-label ab externo approaches with and without conjunctival incisions. Needling revision, often with antimetabolite, is sometimes necessary following XEN gel stent placement to reduce the risk of bleb failure due to fibroblast proliferation and episcleral fibrosis.
Multiple recent series have demonstrated the safety and efficacy of XEN gel stent placement at the time of cataract surgery in reducing IOP and IOP lowering medication [35] [36] [37] [38] [39] [40] [41] [42] . Interestingly, Widder et al. reported that pseudophakic eyes had the most favorable primary success rate compared to phakic eyes and combined surgery with phacoemulsification, and this finding influenced their clinical decision making so as to no longer offer patients combined surgery [43] .
Of note, additional lumen sizes of the XEN gel stent have been investigated, such as the 63 μm stent [44] but are not available for implantation in the USA.
Endocyclophotocoagulation
In contrast to some of the newer outflow-targeted procedures described above, endocyclophotocoagulation (ECP; Endo Optiks, Little Silver, NJ) has been available for decades [45] and targets the ciliary processes to decrease aqueous humor production and thus lower intraocular pressure. This tissue destruction inherent in ECP has led some surgeons to exclude ECP from the MIGS category. Overall, the safety and efficacy of ECP is well established.
Prolonged postoperative inflammation is a feared side effect of ECP. Given the increasing trend toward use of ECP in eyes with good vision and mild to moderate glaucoma, Edmiston et al. sought to compare the incidence of persistent anterior uveitis after combined phacoemulsification and ECP by race and to describe its impact on visual acuity or IOP [46•]. Persistent anterior uveitis was defined as the presence of anterior chamber cells or a continued need for steroids at the three month postoperative visit. Persistent anterior uveitis was present in 22.4% of patients and was both more common and more symptomatic in African Americans compared with whites. While persistent inflammation was common, there was no significant difference in visual acuity or IOP reduction in those without inflammation, those with untreated inflammation, and those with inflammation treated with topical steroids. Interestingly, among those patients with persistent inflammation at month three, 44% had worsened (18%) or no improvement (26%) in inflammation at week 1 compared with day 1 postoperatively, suggesting a role for early and aggressive treatment of these patients. The investigators concluded that surgeons should employ caution when offering ECP to African American patients but that inflammation was not a poor prognostic sign after ECP. Although their study was not intended to evaluate ECP efficacy, their patients had a modest IOP reduction of about 2 mmHg and required about one half drop less than preoperatively [46•] .
In a retrospective chart review of 63 eyes that underwent phacoemulsification and ECP, Lin et al. sought to investigate the differential efficacy in eyes with POAG vs. chronic angle closure glaucoma (CACG) [47] . The 22 eyes with CACG had greater IOP reduction and medication reduction than the 41 eyes with POAG at 1 year (6.4 vs. 2.1 mmHg, P = 0.01; 0.9 vs. 0.2 medications, P = 0.04) and at final follow-up (6.2 vs. 2.4 mmHg, P = 0.02; 0.9 vs. 0.3 medications, P = 0.05). IOP reduction and medication reduction were no different for eyes with mild, moderate, or advanced glaucoma at either time point [47] . This finding may be partially accounted for by the additional benefit of cataract extraction in eyes with CACG but leaves open the possibility that ECP may have an added benefit in CACG eyes.
Two recent Cochrane reviews explored the role of ECP. Toth and colleagues found insufficient high-quality evidence on the effects of ECP for OAG and primary angle closure [48] . Reviewing both ECP and transscleral cyclophotocoagulation, Chen et al. were not able to find conclusive evidence to support whether cyclodestructive procedures for refractory glaucoma result in better outcomes and fewer complications than other glaucoma treatments or whether one type of cyclodestructive procedure is superior [49] .
Comparative Studies
Two recent studies compared the efficacy of goniotomy with the KDB to iStent implantation in glaucoma patients undergoing cataract surgery. In a retrospective multicenter comparison of 237 eyes undergoing KDB goniotomy with phacoemulsification and 198 eyes undergoing iStent implantation with phacoemulsification, authors reported that those in the KDB group had a significantly greater IOP reduction (− 4.2 mmHg, 23.7%) compared to the iStent implantation and phacoemulsification group (− 2.7 mmHg, 16.4%, P < 0.001) after six months of follow-up in eyes with mild to moderate glaucoma [24] .
Another retrospective study of 77 eyes with mild POAG demonstrated a slightly higher average IOP reduction of 14.3% in the iStent group (n = 48) compared with 12.6% in the KDB group (n = 29), although this did not reach statistical significance [50] . Both groups experienced a statistically significant reduction in IOP and a reduction in IOP lowering medications with excellent safety at 12 months [50] .
In April 2019, Ivantis announced the results of the first prospective, multicenter, randomized clinical trial comparing the efficacy of two MIGS devices: the Hydrus microstent and two iStent inject stents [51••]. Included eyes had POAG, pseudoexfoliation glaucoma, or pigmentary glaucoma. Device implantation was not combined with cataract extraction. At 12 months, 47% of eyes in the Hydrus group were medication-free compared to 24% of eyes in the iStent inject group; medication washout was not performed. Among eyes off IOP lowering therapy, mean IOP without medications was 17.3 ± 3.3 mmHg in the Hydrus group and 19.2 ± 2.4 mmHg in the iStent group [51••] .
In a single surgeon retrospective series comparing iStent and Hydrus in combination with cataract extraction, both devices lowered IOP and medication use more than phacoemulsification alone [52] . The Hydrus patients were on significantly fewer medications (0.5 ± 0.2 medications) at 12 months than the iStent patients (P = 0.03) [52] .
In a retrospective matched comparison of Trabectome or iStent placement in combination with cataract surgery, at 24 months investigators observed that 53% of Trabectome eyes and 16.6% of iStent eyes achieved IOP of 21 mmHg or less without medications (P < 0.05); 17.6% of Trabectome eyes and no iStent eyes had an IOP reduction of 20% or more without medication [53] .
Combination MIGS
Although of interest in clinical practice, scant studies have accessed the role of combining MIGS [54] , and only limited evidence is available to demonstrate whether combining MIGS is additive with respect to IOP control [55] . In our experience, ECP can be combined with outflow-targeted procedures such as KDB goniotomy to optimize IOP reduction, and this can be done cautiously but successfully in eyes with severe disease for whom the alternative might be incisional surgery. We have found this to be particularly helpful in eyes with shorter axial lengths and CACG. A potential drawback of combination MIGS is limitations with respect to insurer reimbursements, and this must be handled on an individualized basis in conversation with the payor, patient, and surgery center.
Pipeline Options
New MIGS devices are in the pipeline, such as the iStent Supra (Glaukos), which is in US clinical trials [56] . Additional devices and new surgical techniques will enhance cataract surgeons' armamentarium for reducing IOP at the time of cataract extraction.
Preoperative Management
Chronic topical IOP lowering medications are a significant risk factor for trabeculectomy failure due to chronic inflammatory changes in the conjunctiva that increase fibrosis and scarring [57, 58] . Owing to this increased risk of failure, some surgeons recommend topical antiinflammatory treatments with or without a topical glaucoma medication holiday prior to trabeculectomy; a survey of UK glaucoma specialists revealed that this practice is viewed as "necessary" by about half of respondents and "beneficial" by 85.9% [59] . Many surgeons are applying these same pretreatment principles to patients who will be undergoing placement of a Xen gen stent. Depending on the degree of conjunctival and eyelid margin inflammation, patients can be started on topical steroids three or more days preoperatively and may also benefit from cessation of topical IOP lowering therapy (replaced with an oral carbonic anhydrase inhibitor, when appropriate), transition to preservative free topical medications, oral doxycycline, eyelid hygiene in the form of lid scrubs and warm compresses, and other ocular surface treatments.
Just as selective laser trabeculoplasty has been hypothesized to be more effective in treatment-naïve eyes [60] , we hypothesize that chronic topical glaucoma therapy and ocular surface disease may also affect the success of MIGS surgeries targeting the traditional outflow pathway. These surgeries reduce or bypass outflow resistance at the trabecular meshwork, where the majority of outflow resistance occurs. Downstream, the episcleral and conjunctival vessels are responsible for distal outflow. Subconjunctival inflammatory changes may increase resistance in the episcleral pathway and impede surgical success despite a reduction in trabecular resistance. Whether a brief period of preoperative steroid or escalated ocular surface disease treatment has any effect on MIGS success has not been demonstrated.
Postoperative Management
Generally, MIGS in combination with cataract extraction can be managed with the same postoperative regimen as phacoemulsification alone. For most surgeons, this includes intracameral and/or topical antibiotic therapy, a topical steroid taper, and possibly a topical nonsteroidal anti-inflammatory eye drop. There is no clear evidence that procedures to excise, ablate, open, or stent the trabecular meshwork do better with postoperative miotics [61] , and it is not our practice to use them. Following ECP, we often lengthen the duration of the steroid taper to 2 or more months, tailored to the individual's anterior chamber inflammation.
There is no clear evidence to guide reduction in IOP lowering therapy following MIGS. We find it helpful to discuss with patients and document in the chart whether the goal of MIGS is to reduce IOP on their current eye drop regimen or maintain their target IOP on a reduced eye drop regimen. This discussion often informs eye drop management in the early postoperative period. We tend to continue the preoperative IOP lowering regimen for the first postoperative week to blunt IOP elevation from inflammation or steroid response and reduce the regimen starting at the one week follow-up visit.
MIGS Failures
MIGS surgery directed at the trabecular or suprachoroidal outflow pathways has not been shown to have deleterious effects on subsequent incisional glaucoma surgery. Whether the same is true of subconjunctival MIGS is an area of considerable debate. In a small series of 8 eyes, trabeculectomy following a failed XEN gel stent was technically feasible but authors were concerned that the single digit IOPs (6 patients) and hypotony complications (2 patients) were more common than expected following trabeculectomy. They hypothesized this might be related to the cumulative exposure to mitomycin c [62] .
Future Work
The emergence of MIGS has dramatically altered the glaucoma treatment paradigm over the last decade, and more research is needed to help answer remaining questions. Welldesigned, large studies are needed to compare the efficacy of the various MIGS options and identify whether certain patient-specific or eye-specific features make a particular surgery more efficacious. Similarly, the role of combination MIGS should be investigated further.
To our knowledge, MIGS trials to date have not been designed to assess glaucoma progression and are simply based on the abundance of prior literature showing that reduction in IOP slows glaucomatous progression. Including structure and function metrics in future studies and databases will add value.
Finally, questionnaires to better understand quality of life following MIGS are in development and will lead to patient reported outcome measures for MIGS [63] , which will likely be included in future study designs.
Conclusions
The MIGS space has experienced tremendous growth in recent years. On average, MIGS is low risk, modestly efficacious, and can be readily combined with cataract surgery to reduce IOP and/or drop burden in patients with concurrent glaucoma and cataract. Future research to guide MIGS selection and highlight its role in improving patient quality of life will further our ability to deliver excellent, personalized, and sight-preserving glaucoma care.
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